The ar ti cle shows the re sults of geo phys i cal sur veys per formed by us ing Elec tri cal Re sis tiv ity To mog ra phy (ERT) method on se lected ragion of P³ock slope of a Tumski hill near Ba sil ica of As sump tion of the Blessed Vir gin Mary in P³ock and in Maszewo by the Vistula River a few ki lo me ters north of P³ock. The above-men tioned sec tions were selected due to land slide phe nom ena ob served there. Geo phys i cal sur veys were con ducted in or der to ver ify the state of the dis tri bu tion of elec tri cal re sis tiv ity in the sec tors where mass move ment was iden ti fied. The electrofusion crosssec tion near Ca the dral Ba sil ica shows clays and sands. Also in ERT prospection a zone of loose soils with high re sistance is clearly vis i ble. The re sults of the ERT method from Maszewo, in di cates his tor i cal land sur face of a land slide and that the slope in Maszewo con sists of co he sive de pos its. In or der to de scribe these par tic u lar is sues, geo log i cal cross-sec tions and safety fac tor ob tained by cal cu la tion are pre sented for the an a lyzed parts of the slope. The safety factor shows that prob a bil ity of land slide ac tiv ity near Ca the dral Ba sil ica is very un likely and in Maszewo is very high.
IN TRO DUC TION
P³ock is sit u ated at the west ern slope edge of the Pla teau P³oñska, which was cre ated by gla cial pro cesses. To the south-west of the slope lies a val ley of the Vistula river. The slope in the area in ques tion runs from the south-east to the north-west, along the Vistula river.
Since the twelfth cen tury the P³ock slope ( Fig. 1) , which is the west ern edge of the Tumski Hill (Old Town) is the lo cation for sa cral caste com plex.
The slope is re sult of the Vistula river lat eral ero sion on the frag ment from 630 km to 655 km of the river flow (Wysokiñski 1998) . In the fur ther part of the river, be yond city cen tre, in Maszewo re gion, the river cre ates ar eas of extraor di nary nat u ral beauty, which are be ing ur ban ized along the up per edge of the P³ock slope. The height of the slope varies, from 30 m in Maszewo to 42 m in the city of P³ock.
Ur ban iza tion ra tio in the area of the slope in creases with time. From the static load point of view this rep re sents an increase of forces in creas ing the prob a bil ity of land slides.
In or der to achieve ob jec tive of this study, that is to verify the dis tri bu tion of elec tri cal re sis tiv ity of soil in ar eas asso ci ated with mass move ments, two frag ments of the P³ocks slope were se lected. 1. Area of the Ca the dral Ba sil ica of the As cen dance in P³ock 2. Area in Maszewo, 2 km north of P³ock
In the abovementioned places geo phys i cal sur veys were per formed by us ing elec tri cal re sis tiv ity to mog ra phy (ERT). In such places, with rec og nized geo log i cal struc ture, val ues of the equi lib rium fac tor were also de ter mined slopes.
HIS TORY OF GEO PHYS I CAL RE SEARCH IN THE LAND SLIDE AR EAS
The use of geo phys i cal meth ods to study land slides started in the '60s and '70s of the twen ti eth cen tury (Keller et al. 1966 , Bogoslovsky et al. 1977 . The fo cus was put mainly on the method of seis mic and elec tri cal re sis tiv ity. Cur rently, the use of geo phys i cal meth ods (mainly meth ods ERT) to study con tem po rary land slides con cen trates on the de ter mina tion of col lu vial zones, slip sur face, stag ing of land slides and soil-wa ter con di tions in the vi cin ity of the slope. Nu merous ex am ples of the ap pli ca tion of ERT method for test ing slopes can be found in mul ti ple geo-en gi neer ing pub li cations, e.g.: Hack 2000 , Lapenna et al. 2005 , Le Roux et al. 2011 , Marescot et al. 2008 , Mauritsch et al. 2000 , McCann and Forster 1990 , Perrone et al. 2004 , Göktürkler et al. 2008 , Gaudio and Bottino 2001 , Friedel et al. 2006 , Bichler et al. 2004 .
Many land slides are char ac ter ized by the pres ence in the toe of land slide frag ments of rock blocks. Among var i ous pub li ca tions on ERT method there are known works, where ERT is used to iden tify older rock blocks in the subsurface cov ered with youn ger layer sed i ments and slide drops (e.g. Socco et al. 2010 , Tetegan et al. 2012 . In Po land geo phys ical meth ods (seis mic and ERT ) are also used to an a lyze slopes, em bank ments and land slide zones in ac cor dance with the rec om men da tions made in the works of Wysokiñski 1991 and . There are nu mer ous note wor thy pub li ca tions, such as: Pacanowski 2011, Ostrowski et al 2013. Geo phys i cal meth ods are com monly used in hy dro-en gineer ing, e.g. sta bil ity mon i tor ing, con struc tion of dikes and re ten tion tanks in the coastal zone of the '70 XX (e.g. Bestyñski 1975 ).
DE SCRIP TION OF SE LECTED FRAG MENTS OF THE P£OCK SLOPE

P³ock Ca the dral Ba sil ica of the As sump tion
The slope has two drops: the first with a height of approx i mately 23 m and ap prox i mately 33° in cli na tion, the other with a height of ap prox i mately 17 m and 16° in cli nation. The to tal height of the slope is roughly 40 m. The ex tent of this part of the slope equals 125 m. The com plex of sa cred build ings is lo cated only on the up per part of the slope. At the foot of the slope runs a road. The slope is faced from south to west.
Frag ment of the slope near the Ba sil ica of P³ock is not listed in the da ta base re cords of the Land slide Pro tec tion System (SOPO). Lo ca tion of the pro file mea sur ing ERT is shown in Fig. 2 . Near ERT pro file ar chive geo logic sec tion is lo cated.
Sta bil ity of the slope was a sub ject of many pub li ca tions and ma te ri als from the sci en tific or tech ni cal con fer ences in P³ock. One of con fer ences '' Dis place ments of P³ock slope'' (1998) pro vided geo logic ar chive of cross-sec tions de scribing the state be fore geotechnical re in force ments (Fig. 3) . As ev i denced, the dif fer ence of the slope ge om e try pre sented in re la tion to that found dur ing the mea sure ments by ERT is signif i cant (Fig. 6 ). Ar chive shows a cross-sec tion of the slope in the field work near the ca the dral as a very steep, ap prox imately 40° and 40 m high.
Be low the ground level there is lin ger ing fill of 2.5 m in thick ness. Un der the fill, there is till and sand from the Vistulian glaciations of about 5 m in thick ness. This layer is above the lay ers of tills and sands of Warta and Oder glaciations, which is about 25 m thick. At the foot of the slope (at the wa ter level fluc tu a tions of the Vistula river) there is gravel and sand (Great Inter gla cial) with a thick ness of about 6 m. De pos its of Great Inter gla cial lin ger on till and sand of South-Pol ish glaciations of about 15 m in thick ness (Wysokiñski 1998). Plio cene clay were not drilled.
The in sta bil ity of this sec tion (re ac ti va tion of land slide pro cesses) of the slope was ear lier re ported in the eigh teenth cen tury and in the be gin ning of nine teenth cen tury. Upon com ple tion of de com mis sion ing and sta bi liz ing works in the sec ond half of the twen ti eth cen tury, mass move ments were stopped.
Maszewo (2 km north of P³ock )
The slope has two sec tions and goes di rectly down into the bank of the Vistula river. The lower part is about 13 m high, and an gle of about 24°, while the sec ond stage is about 17 m in height and an gle of ap prox i mately 27°. The to tal height of the slope is about 30 m. On the slope sur face, in places densely over grown with shrubs and trees, mul ti ple deformed trees can be seen (known as "the drunk for est"), in dicat ing the slow move ment of the sur face layer of the soil. In con trast, ex po sure of this part of the slope is from south to west, and the ex ten sion is very sub stan tial: 250 m. On the so-called "shelf mor phol ogy" a drive way is lo cated, which leads to sin gle-fam ily res i den tial build ings con structed in that re gion. Ac cord ing to the Land slide Pro tec tion Sys tem (SOPO), the se lected por tion of the slope in Maszewo is located in the area of an ac tive land slide, Nr. 12054. That landslide has been de scribed as a ro ta tional land slide that cov ers an area of 8.29 hect ares (Grabowski 2010) . Lo ca tion of the ERT mea sur ing pro file is shown in Fig. 4 .
In this area within the depth range of re con nais sance drill ing, gla cial co he sive de pos its are dom i nant (mainly tills with add of silts and sands). On the face and at the foot of each slope, colluvia sed i ments may be pres ent. Slope goes down di rectly into the Vistula river bank where al lu vial de pos its 102 £. KACZMAREK et al. are pres ent. At greater depths Plio cene clay may lie (Skompski and S³owañski 1962), how ever they were not drilled.
It should be noted that the proper in ter pre ta tion of ERT mea sure ment re sults re quires anal y sis of pre vi ously conducted geo log i cal drillings and in sight into cross-sec tions archives, which serve as a bench mark for these mea sure ments.
ANAL Y SIS OF SLOPE STA BIL ITY
Land slide ac tiv ity in the sec tion of the P³ock slope near the Tumski hill was still in the twen ti eth cen tury a burn ing prob lem of the city of P³ock. In the sec ond half of the twen tieth cen tury safety works were per formed, which stopped pro gress ing pro cesses that would dam age ar chi tec tural monu ments of Pol ish his tory. Cur rently, there are no traces of land slide ac tiv ity.
Anal y sis of the se lected frag ment of the slope of P³ock in Maszewo shows that in the pre sented sec tion, there was a history of pro gres sive mass move ment. To day, dis place ments in the up per part of the slope stopped. Al though, based on the de formed tree trunks and the type of soil (co he sive), it can be con curred that there is a lo cal slow move ment of the soil; creep in the lower part of the slope.
The val ues of the safety fac tor (ra tio of bal ance) F for some sec tions of the slope of P³ock sum ma rized in Ta ble 1.
MEA SURE MENTS BY ELEC TRI CAL RE SIS TIV ITY TOMOPRAGPY (ERT )
As sump tions of elec tri cal re sis tiv ity meth ods were first for mu lated in the early twen ti eth cen tury by the broth ers Conrad and Mar cel Schlumberger. De scrip tion of the method the ory can be found, in the works of Keller and Frischknecht 1966 or Stenzel and Szymanko 1973 . Elec tri cal re sistiv ity to mog ra phy method was de vel oped in the late twen tieth cen tury and is widely de scribed in the works of, e.g.: Kirsch 2009 and 1996, Loke 2012. The electrofusion research for this study was con ducted by us ing Terrameter LS ap er ture man u fac tured by Swed ish com pany ABEM. The main ad van tage of the ERT method is the pos si bil ity to develop mea sure ments based on mod el ing the dis tri bu tion of the cir cuit re sis tiv ity with a unit of rect an gu lar blocks. Such mod el ing al lows ac cu rate map ping in 2D space. The study uses one of the most pop u lar meth ods was used: the Schlumberger sys tem. Mea sure ments were car ried out with in ter vals be tween the elec trodes, along the pro file line, amount ing to 5 m. The depth range on the field of re search ob tained dur ing the mea sure ment for di ag no sis of re sis tiv ity amounted up to 30 m. ERT mea sure ments were cap tured from two se lected ar eas (Figs 2 and 4) by us ing the ERT method, which were located in the vi cin ity of pre vi ously cre ated geo log i cal crosssec tions (Figs 3 and 5) . ERT geo phys i cal method en abled to track the dis tri bution of the elec tri cal re sis tiv ity of lay ers of soils in a two-dimen sional pat tern. Thanks to that a ver ti cal sec tion along the mea sur ing line was ob tained.
On cross-sec tions ob tained by ERT in or der to al low in-depth in ter pre ta tion (in clud ing li thol ogy cor re la tion to resis tiv ity), pro files of avail able bore holes were ap plied. Obtained cross-sec tions of land deg ra da tion in elec tri cal resistivity in con junc tion with geo log i cal in ter pre ta tion are shown in Figs 6 and 7.
The re sults of the ERT method in P³ock sec tion through the slope near the Ba sil ica
In the ob tained electrofusion cross-sec tion (Fig. 6 ) a com pli ance be tween bore hole pro files with char ac ter is tic resis tiv ity dis per sion in the re gion of clays ( up to 90 Wm) and sands (> 120 Wm) can be ob served very well. In the cross-sec tion rep re sent ing the base of the slope, a zone of loose soils with high re sis tance (> 500 Wm) is clearly vis i ble. This is a safety em bankment pro tect ing the P³ock slope from fall ing. On the face of the slope, above the em bank ment re in force ment, land area of higher re sis tiv ity (> 200 Wm) can be dis tin guish. Geo log i cal re search could not rec og nize the place im me di ately, but based on elec tri cal re sis tance it can be as sumed that this is loose soil and can that po ten tially re sult in mass-move ment (e.g. un der the in flu ence of rain fall).
At the face of the slope there are lin ger ing al lu vial de posits with re sis tiv ity above 120 Wm.
The re sults of the ERT method in a sec tion through the slope in Maszewo
Drillings, as well as the re sults of the ERT method (Fig. 7) , show that the slope in Maszewo con sists of co he sive de pos its (clay, sandy clay) with resistances of 35-60 Wm. In the up per part of the slope their re sis tiv ity is slightly el e vated (sep a ration 7 - Fig. 5 ). That can be as so ci ated with loos ened soil or sand (> 130 Wm), which is no tice able only at the top edge of the slope. Trees grow ing on the up per por tion of the slope grow straight, which means there is no land slide ac tiv ity. The steep "walls'' of that frag ment of the slope in di cate that it may be the for mer edge of the niche of a land slide.
The sed i ments form ing the "shelf", at the level of sev eral me ters be neath the ground, have sig nif i cantly lower resistances (sep a ra tion 4). This zone ex tends for ap prox i mately 100 m. Drillings have proved that these are silty clays over lay ered with till. Most likely, they are the his tor i cal land sur face of a land slide. The ar gu ment con firm ing this hy poth e sis is the land sur face mor phol ogy, typ i cal for land slide ar eas (Wyso-ELEC TRI CAL RE SIS TIV ITY TO MOG RA PHY (ERT) Within the lower part of the slope (be low the shelf) two sectors of clearly el e vated resistances (> 100 Wm and > 300 Wm) can be dis tin guished. Bore holes lo cated in these ar eas have shown that these are slope sed i ments (col lu vium). The trunks of the trees grow on this part of the slope in a dis tinc tive way. In the bot tom layer sec tor of ERT pro file, a re sis tiv ity of around a dozen of Wm has been re corded. That can be most likely as so ciated with Plio cene clay.
SUM MARY
By us ing the method of elec tri cal re sis tiv ity to mog ra phy (ERT) it was pos si ble to ac quire the dis tri bu tion of elec tri cal re sis tiv ity in the soil in a 2D scheme for se lected frag ments of the P³ock slope: near the Ba sil ica and in Maszewo (2 km north of P³ock). The re sults of geo phys i cal study have enabled sig nif i cant ex pan sion of geo-en gi neer ing anal y sis of the P³ock slope sta bil ity with ad di tional in for ma tion about the ar range ment of lithological lay ers and the de gree of homo ge ne ity of each layer. Due to vari a tion of soil re sis tiv ity based on li thol ogy, its den sity and mois ture, po ten tial landslides lo ca tions can be in di cated. Such sites show increased electrical resistance in analyzed cross-sections.
It is im por tant, that the re sults of ERT method al low deter mi na tion of the ap prox i mate size of the land area with increased re sis tiv ity, and in or der to ver ify anom a lous zone, it is pos si ble to in di cate with high ac cu racy the area for di rect ver i fi ca tion (holes, out crops). An im por tant re sult of research by ERT on the slope in Maszewo (SOPO da ta base which is de scribed as a land slide Nr. 12054) is an in di ca tion of the po ten tial slip sur face of a land slide. Re search by ERT made in the area of the Ba sil ica also helped map ping the slope sta bi li za tion for the slope be low the build ing. Landslide ac tiv ity in this area would have di sas trous consequences for the ca the dral com plex. The geo phys i cal study shows that ERT method gives good re sults in com pre hen sive eval ua tion of slope sta bil ity. Sep a rated ab nor mal ity zones with increased elec tri cal re sis tiv ity val ues are usu ally ar eas of potential land slide ac tiv ity. Se cre tion of such zones en ables opti mal lo cal iza tion of test drillings for more ac cu rate, di rect diag no sis. The ERT re search can also be used to help allocating mass-movement monitoring posts, as well as enhancing preventive activities.
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